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NanomaterialsAt the ISOLDE facility at CERN, thick targets are bombarded with highly energetic pulsed protons to pro-
duce radioactive ion beams (RIBs). The isotopes produced in the bulk of the material have to diffuse out of
the grain and effuse throughout the porosity of the material to a transfer line which is connected to an
ionizer, from which the charged isotopes are extracted and delivered for physics experiments. Calcium
oxide (CaO) powder targets have been used to produce mainly neutron deﬁcient argon and carbon RIBs
over the past decades. Such targets presented unstable yields, either decaying over time or low from the
beginning of operation. These problems were suspected to come from the degradation of the target
microstructure (sintering due to high temperature and/or high proton intensity). In this work, a CaO
microstructural study in terms of sintering was conducted on a nanostructured CaO powder synthesized
from the respective carbonate. Taking the results of this study, several changes were made at ISOLDE in
terms of the CaO target production, handling and operation in order to produce and maintain the nano-
structured CaO. The new target, the ﬁrst nanostructured target to be operated at ISOLDE, showed
improved yields of (exotic) Ar and more importantly a stable yield over the whole operation time, while
operating with lower temperatures. This contradicts the ISOL paradigm of using the highest possible tem-
perature regardless of the target’s microstructure degradation.
 2015 CERN for the beneﬁt of the Authors. Published by Elsevier B.V. This is an open access article undery/4.0/).1. Introduction
ISOLDE (acronym for Isotope Separator OnLine DEvice) is a
world-wide leading facility at CERN for the production of an exten-
sive range of radioactive ion beams (RIBs) of various energies (up
to 3.1 MeV per nucleon), for physics experiments in the areas of
biophysics, astrophysics, nuclear, atomic and solid state physics.
This facility is able to provide more than 1000 isotopes of 72 differ-
ent elements with half-lives (T1/2) starting from a few milliseconds
and with intensities from 101 to 1011 ions s1 [1].
The ISOL (Isotope Separator OnLine) technique consists in bom-
barding thick targets (at ISOLDE, 2 cm diameter 20 cm long cylin-
der, from 5 to 200 g cm2) with energetic protons (1.4 GeV) in
order to promote the production of isotopes by nuclear spallation,
fragmentation and ﬁssion reactions [1]. The produced isotopes
then, diffuse out of the material bulk and effuse through thematerial porosity and a transfer line to the ion source where they
are ionized. They are then accelerated up to 60 keV and mass sep-
arated by a mass spectrometer using the Lorentzian principle,
forming a secondary beam that is conducted to the physics exper-
iments. The intensity (i) of the secondary beam (or RIB) can be the-
oretically approached by the following expression [2]:
i ¼ h  r  g  erel  eis  esep  etrans ð1Þ
where h is the ﬂux of the incident proton beam, g is the number of
atoms of the target exposed to the proton beam per area unit and r
is the cross-section for the production of the desired isotope. erel is
the release efﬁciency from the unit, eis is the ion source efﬁciency
and esep and etrans are respectively, the mass separator transmission
efﬁciency and the transport efﬁciency after the dipole magnet to the
experimental setup.
erel is directly related with effusion and diffusion processes.
Effusion is associated with the surface properties of the target
and surrounding materials, such as adsorption enthalpy [3]. The
effusion efﬁciency can, as a ﬁrst approximation, be enhanced by
Table 1
Characteristics of CaO powder, obtained from decomposition of CaCO3 at 800 C for
2 h, in vacuum, at the University of Aveiro.
Characteristics Value Technique
SSA 58  4 m2 g1 BET
Porosity 0.23 cm3 g1 (44%) BJH
Average pore size 12 nm BJH
Crystallite size 32  1 nm XRD
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sible temperatures. Diffusion times can be reduced by developing
and controlling the target material microstructure, mainly in terms
of grain size and porosity [4]. From the two, diffusion is limiting
the release in most cases, especially for the case of very exotic iso-
topes where T1/2 is short and diffusion times are typically larger
[5]. Diffusion is mainly dependent on the species, host material
and temperature since this process is thermally activated following
an Arrhenius expression [6]:
D ¼ D0  e
Q
RT ð2Þ
where D is the diffusion coefﬁcient, D0 is the temperature-indepen-
dent pre-exponential factor, Q is the activation energy, R is the uni-
versal gas constant and T is the absolute temperature. The
maximum temperature is mainly limited by target sintering. Sinter-
ing brings grain growth, coarsening and porosity reduction, which
negatively impacts the release process, increasing the diffusion
lengths and so the diffusion times. This is most severe in the case
of very exotic isotopes with short half-lives. The upper limit for
the temperature is also affected by stable beam contaminants, com-
ing from the target material and the equilibrium vapor pressure
which has to be compatible with the operation of the ion source
(<101 Pa in the standard operation mode of the Versatile Arc Dis-
charge Ion Source – VADIS) [7,8].
Micrometric oxide or carbide powders (or ﬁbers) are used at
ISOLDE as target materials [7]. However it was shown recently,
that targets with nanometric (or submicrometric) grain sizes and
high porosity (>30%) with a macrosized (>100 nm) narrow distri-
bution, improved the release properties of alkali metals, alkaline
earth metals and noble gases [9]. Moreover, a successful attempt
was also made in the past, at the TRIUMF facility with zeolites as
target material, operated below 500 C to produce better yields
of radioactive 16N (and 16N14N and 16N16O) [10].
Calcium oxide (CaO) powder targets have been operated at ISO-
LDE since 1985 [11] and are used to provide intense neutron deﬁ-
cient argon, carbon (produced as xC16O+ or xC16Oþ2 ), helium and
neon beams at high temperatures (950–1420 C) [12,13,7]. These
targets outperform others to produce the same beams, due to the
high production cross sections and fast release times, but often suf-
fer a either rapidly decreasing yield over time or low yields from
the beginning. This problem was suspected to be microstructure-
related, speciﬁcally to degradation induced by sintering effects
[12].
This target material was mostly used to produce beams of 31Ar
(T1/2 = 15.1 ms), 32Ar (T1/2 = 98 ms) and for 35Ar (T1/2 = 1.78 s),
respectively for studies in the ﬁelds of astrophysics [14] and nucle-
ar physics [15–19]. The problems found in the delivery of the re-
quired beams with acceptable intensities over time, could easily
jeopardize the experiments, justifying the investigation and beam
development of these targets. As the target material was identiﬁed
to be the source of the problem, a material investigation in terms of
synthesis, air reactivity and sintering was done in order to develop
a highly porous nanostructured CaO powder and to avoid its deg-
radation, during production, handling and operation at ISOLDE
[20,21]. Improved and stable yields (on exotic isotopes) were ob-
tained while operating a nanostructured CaO powder target at a
lower temperature and a lower proton intensity than is normally
used.Fig. 1. CaO microstructure investigated by TEM at magniﬁcation 31500 (a) and
229000 (b).2. Experimental procedure
2.1. Calcium oxide – synthesis and sintering studies
The material studies were done at the Department of Materials
and Ceramics Engineering at the University of Aveiro (DEMaC-UA)and can be found in detail in [20,21]. A brief overview of the stud-
ies will be done here.
To obtain CaO nanometric powder, a micrometric CaCO3 pow-
der (<5 lm, 99.5% pure – metal basis) from Alfa Aesar GmbH, Ger-
many was decomposed in a vertical alumina tube furnace at 800 C
under vacuum (102 Pa) for 2 h. Using nitrogen adsorption at liquid
nitrogen temperatures, the speciﬁc surface area – SSA – (Brunauer,
Emmett, Teller model – BET [22]) and mesopore (2–50 nm) size
and volume (Barrett, Joyner, Halenda model – BJH [23]) were mea-
sured. The crystallite size was determined using X-ray diffraction
(XRD) peak broadening with the Scherrer equation [24]. As shown
in Table 1, the obtained material showed a high SSA, nanometric
crystallite size (32 nm) and high porosity (44%) with 12 nm of
average pore size. The ﬁnal powder is also highly reactive in air
to H2O and CO2, forming respectively Ca(OH)2 and CaCO3.
Transmission electron microscopy (TEM) was performed in or-
der to conﬁrm the characteristics shown in Table 1. As can be seen
in Fig. 1, the sample shows (sub)micrometer particles which are
porous agglomerates of nanometric grains. The obtained powder
matches all the good characteristics referred before, for an ISOLDE
target material except the pore size, which is a characteristic con-
sequence of the used synthesis process.
From the obtained powder, 60% porous cylindrical compacts of
10 mm diameter by 2–3 mm thickness were pressed and sintered
in a high vacuum furnace (<103 Pa), from 900 to 1250 C with
holding times from 3 min to 10 h. The SSA is a very sensitive
parameter to evaluate the initial sintering of ﬁne powders. SSA var-
iation results, at different sintering temperatures for 10 h are pre-
sented in Fig. 2. It can be seen that net sintering effects are
observed above 1000 C with the reduction of SSA.
In order to keep the CaO nanostructure, the material must not
be exposed to temperatures higher than 1000 C, especially for
the production of exotic isotopes (31Ar and 32Ar) where short diffu-
sion lengths (which should provide faster release times) are cru-
cial. Nonetheless sintering by proton irradiation [4] must also be
Fig. 2. SSA evolution with temperature for 10 h of holding time. The isolated point
corresponds to the initial powder.
Table 2
Characteristics of CaO powder target, obtained from decomposition of CaCO3 at 800
C for 48 h, in vacuum, at CERN.
Characteristics Value
SSA 37 m2 g1
Porosity 0.26 cm3 g1 (47%)
Average pore size 23 nm
Crystallite size 37 nm
Target thickness 7.3 g cm2
Target density 0.38 g cm3
Fig. 3. Ofﬂine mass scan of the target CaO#469 until A = 50 with 35Cl and other
peaks identiﬁed.
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ture and proton intensity must be carefully chosen in order to
avoid the CaO nanostructure degradation and maintain acceptable
release of the isotopes of interest.
2.2. Target production
Following the material studies done at the University of Aveiro
a target unit was produced with the newly developed material,
through a new procedure, for online studies. The CaCO3 used to
produce the old CaO targets was changed to the one used in the
material studies in Section 2.1. The CaCO3 was loaded into a rhe-
nium boat, and heated up in vacuum until 800 C, at a heating rate
of 10 C min1, for 48 h. To avoid hydration and carbonation of the
newly synthesized nanometric CaO, the production procedure was
optimized: in the old procedure the rhenium boat would be reﬁlled
and reheated in order to account for the mass loss due to the
decomposition reaction, which was not done in the optimized
procedure. Furthermore, the boat was transferred inside a glove
box, in a controlled atmosphere of Argon, to the target unit. Sam-
ples from the produced target material were taken for material
characterization (Table 2). The target unit, labeled #469, had a
water cooled transfer line with a forced electron beam induced
arc discharge ion source, a VADIS which very efﬁciently ionizesTable 3
Changes in the production, handling and operation conditions of the new CaO target (#46
Before [12]a
Production Raw material 14 lm 99% pure CaCO3
Max. temperature 1200 C
Heating/cooling Not deﬁned
Holding time Not deﬁned
Base pressure 103 Pa
Handling conditions No cares taken against hydration and carbo
Operation Temperature 950–1420 C
Temp. control None. Calibration before with Pyrometer
Heating/cooling Not deﬁned
Proton intensity 3 1013 ppp
a CaO targets until 2009 (#419).noble gases [25]. Along the target container (at the center and side)
two type K thermocouples were placed for additional temperature
control. The changes in the production, handling and operation of
this new unit are summarized in Table 3.
The analysed sample from the target presented similar charac-
teristics (Table 2) to those of the CaO from the studies in University
of Aveiro, summarized in Table 1, even after 48 h at 800 C. The SSA
result, is consistent with the tendency towards low temperature
values in Fig. 2. The differences between the powders are most
probably due to the different experimental setups used.
The target oven temperature was then calibrated against the
applied heating current, with pre-installed thermocouples contrary
to the usual use of a pyrometer. The ion-source was calibrated
using a pyrometer, following the conventional procedure. The tar-
get unit was then mounted at the ISOLDE off-line separator to
check for proper operation and beam contaminations. The obtained
mass spectrum in the range of interest can be observed on Fig. 3.
The 35Ar beam had to be delivered pure for the physics experiment
[17,16] therefore 35Cl had to be low. From Fig. 3, 35Cl was around
10 pA, decreasing with time. While online the 35Cl beam current
was below the detection limit (0.5 pA) and much below the mea-
sured 35Ar ion current.
2.3. Online tests
The target was mounted on the ISOLDE frontend – GPS (General
Purpose Separator) – in November 2011 and release measurements
were assessed for 8 h before the physics program with the re-
quested isotopes: 35Ar, 32Ar and 31Ar.
The release proﬁle of the isotopes after each proton pulse was
studied at the ISOLDE tape station [26] and has a pulse shape gen-
erally approximated by [27]:9).
New procedure (#469)
>5 lm 99.5% pure CaCO3
800 C
10 C min1
48 h
103 Pa
nation of CaO Gloves box with an argon atmosphere for material handling
up to 800 C
Thermocouples in the side and center of the target
10 C min1
8 1012 ppp
Fig. 4. 35Ar yield variation for two CaO ISOLDE targets during the runs, #469
operated at nominal temperatures (see Table 4) with 8 1012 ppp – the one from
this work – and #419 operated in November 2009 at 3 1013 ppp. The dashed line
represents the average yield along the #469 run.
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ð1 ekr tÞ½aekf t þ ð1 aÞekst ð3Þ
where kr; kf ; ks, are the time-constant parameters (which can take
the form of kx ¼ lnð2Þ=tx) and a is a weighting factor between kf
and ks. The measurements of all isotopes, except for 31,32Ar, were
made using the tape station where the isotopes of interest are im-
planted on a mylar tape for a deﬁned time (tc) after a certain delay
time from the proton impact (td), which is then moved to the front
of b and c detectors. The count rates are then corrected for decay
time during transport and the results are ﬁtted with Eq. 3. The yield
is calculated from the integration of this term over time and nor-
malized to the proton current (in ions lC1).
By injecting a known ﬂux of stable Ar into the ion source, with
the use of a calibrated leak and measuring the obtained ion cur-
rent, eis was determined. Using the stable argon beam (40Ar+),
etrans was extracted by measuring the ion currents along the beam
line, up to the tape station position. The release efﬁciency of the
target material (erel) can be extracted from the simulation of the
in-target production for certain isotopes (Yprod), using the simula-
tion code ABRABLA [28,29]:
erel ¼ YobsYprodeis ð4Þ
where Yobs is the measured yield corrected for etrans.
The yields of 31–33Ar were measured by an experimental setup
described in [18], by measuring b-delayed proton emission (ISO-
LDE Experiment, IS476 [14]). 33Ar was also measured using the
tape station and the setup described above, in order to compare
and determine the beam transport efﬁciency (etrans) to the experi-
mental setup. As 33Cl was a contamination and a decay product,
the differentiation between 33Ar and 33Cl was done through ﬁtting
the overall decay curve with the two half-lives respectively. 34Ar
was measured using the gamma detector of the tape station.3. Results and discussion
In order to have an acceptable 35Ar beam for the experiment
and assure stable operation, the temperatures were set at 690 CTable 4
Yield values of the studied isotopes released from the nanostructured calcium oxide targe
production, derived release efﬁciencies (erel) and times of measurement are also included.
parenthesis.
Isotope T1=2 Target temperature
center (and side) (C)
Ion source
temperature (C)
Online opera
time (h)
31Ar 15.1 ms 568 (687) 2020  50 86 (8/32)
32Ar 98 ms 568 (687) 1970 86
33Ar 174.1 ms 568 (687) 1970 86
34Ar 844 ms 568 (687) 1970 86
35Ar 1.78 s 389 (576) 1970 12
35Ar 1.78 s 568 (687) 1970 –c
35Ar 1.78 s 677 (758) 2070 13
35Ar 1.78 s 817 (857) 2070 88
6He 806.7 ms 568 (687) 1970 16
19Ne 17.22 s 568 (687) 1970 9
10C16O 19.3 s 389 (576) 1970 12
10C16O 19.3 s 677 (758) 1970 13
15C16O 2.45 s 568 (687) 1970 9
15C16O 2.45 s 677 (758) 1970 13
a Yield determined by IS476 (scaled for loss factor, see text).
b A higher yield (3:8 106 ions lC1) exists from the Synchro-cyclotron, which suppl
c Average yield along the run (see Fig. 4) at nominal target and ion-source temperatu
d Underestimated yield due to detector saturation.
e Database yields of CaO, higher yields from other target materials exist in these case
f Element ionization efﬁciency not determined.for the target thermocouples and 1970 C for the ion source (corre-
sponding to 8% ionization efﬁciency). The proton intensity of
8 1012 protons per pulse (ppp) was chosen to reduce the thermal
stresses imposed to the target material by the proton pulse. Tem-
peratures were changed to investigate the detailed release proper-
ties. Overall, the yields from the target #469 matched and
surpassed database record yields (Ydb) at ISOLDE (Table 4) [13].
The 35Ar yield, at nominal target operation temperatures
(568 C – center thermocouple), ﬂuctuated by no more than a fac-
tor 2 between 2:3 107 and 4:0 107 ions lC1, with an average
of 3:2 107 ions lC1 throughout the run (Fig. 4). This values
match the database yield (4:3 107 ions lC1 ([13]) – as in Ta-
ble 4), however the main achievement of this target was its stabil-
ity throughout the 100 h of the run, solving the problem from the
past (see comparison, in Fig. 4, with another CaO target – #419 –
from November 2009, considered one of the best operated at ISO-
LDE in the past years). The respective time components from Eq. 3
from the release curves taken on 35Ar were very similar (Fig. 5),
indicating no change in the material and unit, i.e. no sintering.
Ravn and his collaborators [12] also studied the release of noble
gases in CaO targets. In the referred work 35Ar yields were mea-
sured at two target temperatures: operating temperatures
(950 C) and at much higher ones (1420 C). The yields of 33–35Ar
at operating temperatures were one order of magnitude (or more)t. The respective temperatures of the target oven and ion source as well as in-target
Database values [13], usually measured after 8 h of operation, are also introduced in
tion Yobs (Ydb) Yprod #469 (ABRABLA)
ions lC1
erel (%)
ions lC1
34  13a (5/1) 1:9 104 – (0.2)
2600a (3300) 6:7 105 4.9 (10.0)
1:2 105 (3:8 104) 1:2 107 12.8 (6.6)
1:7 106 (1:7 106)b 1:8 108 12.2 (44.0)
4:7 106 (4:3 107) 2:0 109 3.3 (43.9)
3:2 107c (4:3 107) 2:0 109 20.2 (43.9)
5:3 107 (4:3 107) 2:0 109 43.8 (43.9)
2:0 108d (4:3 107) 2:0 109 52.0 (43.9)
2:3 106 (2:6 106)e – –f
9:6 106 (7:5 106)e 1:4 109 –f
1:2 105 (5:3 105) 2:0 108 –f
7:0 105 (5:3 105) 2:0 108 –f
7:9 104 (6:2 103) 1:7 107 –f
1:5 105 (6:2 103) 1:7 107 –f
ied a continuous wave proton beam of 600 MeV.
res deﬁned for the run.
s: 6He – 4:7 107 ions lC1 – UCx target, 19Ne – 3:0 107 ions lC1 – MgO target.
Fig. 5. Release time structure of 35Ar after one pulse, from target #419 with
3 1013 ppp, at the beginning (30 h) and end of the run (121 h). For target #469 the
two release curves are presented in the same way (8 1012 ppp). In each case the
operation temperatures were kept throughout the run.
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the newly deﬁned procedure, which was at a lower operating tem-
perature, while the high temperature settings in both targets pro-
duced the same yield of 35Ar (2:0 108 ions lC1). However no
information is given on the yield stability, besides a statement that
oxide targets are stable at least for the ﬁrst 48 h [12]. However, the
sintering studies performed in this work have proven that this
material would sinter considerably, if the high temperature opera-
tion settings were kept.
Fig. 5 shows release curves and respective release times for 35Ar
of the target studied in this work compared to an older target –
#419 (already referred before in the text and also present in Fig. 4).
The release curves are represented in ions s1, in order to ac-
count for the different proton intensities (3.75 times lower inten-
sity in the #469 target). Note that also, different operating
temperatures – 687 C (side thermocouple) compared to 950 C
of the #419, were chosen. Even though, having lower proton inten-
sities and a lower temperature, this target can generate a similar
35Ar ion pulse intensity to the #419 target. However the time
structure of the release curve of the #419 target at the beginning,
was lost over time. Instead an apparent faster release but with a
much lower yield was obtained, which can be related to the micro-
structure change.
Due to the known CaO yield degradation in previous units, the
measurement of very exotic isotopes yields (like 31,32Ar with T1/2 of
15.1 and 98 ms, respectively) would usually be assessed at the very
beginning of operation and when they would decay to a small frac-
tion of the initial value in a matter of hours (see database values on
31Ar on Table 4). Due to schedule constraints in the operation of
this target, it was only possible to measure the yields after 86 h
of operation of the CaO target from this work (#469). The obtained
yields of 31Ar, summarized in Table 4, were very high compared to
previous records at ISOLDE (5 which would decay to the usual
1 ion lC1 after a few hours) [25,13]. However, as referenced in
subsection 2.3, the 33Ar yield was determined at the tape station
and at the IS476 experiment with a factor 3.8 lower yield in
the later measurement. We interpret this as a loss in beam trans-
mission to the detector of IS476, the reason being investigated.
As so, the values of 31,32Ar presented in Table 4 are corrected with
this factor. Nonetheless, the 31Ar yield value indicates not only that
the target material is very stable but also that the nanostructured
CaO provides, at lower temperatures, higher yields of exotic noble
gas isotopes, probably due to the reduction of the diffusion lengths
and SSA increase. The 32Ar was surprisingly lower than from oldertargets, much probably due to a transmission problem and the 34Ar
yield matched previous values. However, both 31Ar and 33Ar dis-
played an increased yield, by a threefold and seven fold, respec-
tively (see Table 4).
When the diffusion times (average time it takes for an element
to diffuse out of a grain) are larger than the isotope half-life, the
isotopes decay before they can reach the surface of a grain. This
will result in less isotopes being released (lower yields) with faster
release times, since diffusion processes are generally associated
with the long tail of a release curve. This effect is more important
the shorter the half-life, as demonstrated experimentally from the
calculated erel of 32–35Ar (Table 4). The temperature also plays a
very important role in the yields and so in erel (Table 4), since it af-
fects both effusion and diffusion processes (Eq. 2). However if the
temperature is too high, it can lead to microstructure degradation
as demonstrated by the change to a faster release time and lower
yield of the #419 target (Fig. 5). This degradation happens through
a sintering process (through high temperature and/or high proton
intensity) resulting in larger grain sizes, making release processes
through diffusion less and less dominant. The erel of old CaO tar-
gets, are comparable to the ones of this target. However as already
discussed before, CaO target yields in the past would decay to a
fraction of the initial value, once more showing the importance
of the microstructure in the release. The diffusion and effusion pro-
cesses have been quantitatively related before with the release
proﬁle of an isotope [3,30,31], which will also be attempted for this
work in a future report.
Apart from the argon yields, other elements (C, Ne and He) were
measured as well and are presented on Table 4. The 15C16O yield
was up to almost 25 times higher than database values, 10C16O
and 19Ne isotope yields were slightly higher than CaO target data-
base values while the yield of 6He was slightly lower [13].4. Conclusion
Highly porous nanostructured CaO material with a high speciﬁc
surface area was successfully produced and used online, making it
the ﬁrst nanostructured target to be operated at ISOLDE-CERN. Im-
proved target production, handling and operation procedures were
proposed and applied. The material was irradiated with pulsed
energetic protons for isotope beam production and the yields ob-
tained are as high or higher than previous CaO targets. The most
important achievement was the stability of the intensity of the
produced beams, as shown for 35Ar and for the very exotic isotopes
(31–33Ar).
In ISOL facilities the paradigm of setting the operation temper-
ature as high as possible is very common, harming most of the
times the long term yield performance of a target, by microstruc-
ture degradation. As shown in this study the highest temperature
is not the most important factor for a high yield, especially if one
expects it to be stable. A ﬁne structure (sub-micron or nano) with
high porosity, as reported here, has shown a big advantage: even-
though the operation temperature had to be lowered to keep such
structure, the obtained yields were as high as previous targets and
even higher in the case of the short lived isotopes. In addition they
were stable during operation, which had not been observed in the
past. In the future this concept can, in principle, be applied to other
target materials, enlarging the family of submicron and nanostruc-
tured materials already developed for ISOL facilities.Acknowledgements
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